Thirteen sympatric Daphnia pulex clones differed significantly in fitness when fed Chlorella pyrenoidosa and toxic Microcystis aeruginosa. The least susceptible clone was 12 times less susceptible to M. aeruginosa than the most susceptible clone. The correlations of D. pulex resistance with the slope and the mean of fitness reaction norms imply that both an increase in fitness for two diets and a reduced phenotypic plasticity contributed to the evolution of resistance to M. aeruginosa.
counter-defenses to enhance their success during cyanobacterial blooms (Hairston et al., 2001; Gustafsson et al., 2005; Sarnelle and Wilson, 2005; Jiang et al., 2013a) .
Considerable variation in sensitivity to cyanobacteria has been observed among daphniid clones (Hietala et al., 1997; Repka, 1997; Schwarzenberger et al., 2012; Jiang et al., 2013b) . For example, clones of D. galeata from four Netherland and German lakes varied markedly in their growth and reproductive performance when feeding on the filamentous cyanobacterium Oscillatoria limnetica (Repka, 1997) . Four D. magna clones from three different lakes in Central Europe differed in tolerance to a trypsin-inhibitor-containing strain of M. aeruginosa (Schwarzenberger et al., 2012) . The clones investigated in these studies were collected from separate ponds or lakes. Comparisons among clones from the same habitat would provide more insights into clonal adaptation to toxic cyanobacteria. In addition, the limited number of clones in these studies may not adequately reflect the diverse composition of daphniid clones in nature. The aim of the present study is to test the hypothesis that daphniid clones isolated from a single population vary in their susceptibility to toxic cyanobacteria.
The green alga Chlorella pyrenoidosa (FACHB-15) and the microcystin-producing cyanobacterium M. aeruginosa (FACHB-905) were obtained from the Freshwater Algae Culture Collection of the Institute of Hydrobiology, the Chinese Academy of Sciences. Algal cultures were incubated in the exponential growth phase with BG-11 medium under 258C with fluorescent lights at 50 mmol m 22 s 21 on a 12: 12 light:dark cycle. Zooplankton were collected from the surface water of Huangpu River using a horizontal tow of a 260-mm-mesh net on 8 July 2012. Thirteen clones (HPJ1, HPJ2, etc.) were successfully isolated and established by repeatedly pipetting one adult into a 2-L beaker.
For each clone, life table experiments were conducted to measure the performance of D. pulex feeding on two different diets, one a 'good' food containing only the high quality green alga C. pyrenoidosa and the other a 'poor' food containing a mixture of the cyanobacterium M. aeruginosa (50% by carbon content) with C. pyrenoidosa, at a total carbon concentration of 400 mg C L
21
. Four replicate beakers, each containing 20 neonates from the third brood, within 24 h of birth, were used for each life table experiment. The number of daphniids and their new-born neonates was counted daily and half of the algal suspension was renewed. The experiments were run for 10 days at 258C since late broods contribute little to the intrinsic rate of population increase (r). Demography parameters were estimated using the equations described in our recent studies (Jiang et al., 2013a,b) . The response of each D. pulex clone was represented as a reaction norm, visualized as a line graph of each demography value for two food types (Ghalambor et al., 2007) . An index of resistance (R) to toxic cyanobacteria was evaluated as the relative change in fitness on the 'poor' diet (r poor ) compared with the 'good' diet (r good ): R ¼ r poor / r good (Jiang et al., 2011) .
Both the 'good' and 'poor' diets supported positive growth in all clones, but D. pulex fed the mixture of M. aeruginosa and C. pyrenoidosa had a noticeably lower intrinsic rate of population increase ( Fig. 1 ), which demonstrated a significant food effect (Two-way ANOVA, F 1,103 ¼ 993.37, P , 0.001). The 'poor' diet containing M. aeruginosa also significantly depressed the net reproductive rate (two-way ANOVA, F 1,103 ¼ 416.84, P , 0.001), extended the generation time (two-way ANOVA, F 1, 103 ¼ 38.67, P , 0.001) and delayed the age at first reproduction (two-way ANOVA, F 1, 103 ¼ 27.92, P , 0.001). However, the average life span was the same in the two food treatments (two-way ANOVA, F 1, 103 ¼ 0.54, P ¼ 0.47). Thirteen D. pulex clones differed significantly (Fig. 1) in the intrinsic rate of population increase (two-way ANOVA, F 12, 103 ¼ 228.16, P , 0.001), the average life span (two-way ANOVA, F 12, 103 ¼ 25.59, P , 0.001), the net reproductive rate (two-way ANOVA, F 12, 103 ¼ 159.01, P , 0.001), the generation time (two-way ANOVA, F 12, 103 ¼ 13.04, P , 0.001) and the age at first reproduction (two-way ANOVA, F 12, 103 ¼ 6.64, P , 0.001). In addition to food and clone effects, clone Â food-type interactions were significant for the intrinsic rate of population increase (two-way ANOVA, F 12, 103 ¼ 43.87, P , 0.001), the net reproductive rate (two-way ANOVA, F 12, 103 ¼ 5.83, P , 0.001), the generation time (two-way ANOVA, F 12, 103 ¼ 2.90, P ¼ 0.002) and the age at first reproduction (two-way ANOVA, F 12, 103 ¼ 6.05, P , 0.001), but not for the average life span (two-way ANOVA, F 12, 103 ¼ 1.61, P ¼ 0.11).
The resistance index to toxic M. aeruginosa was significantly different among D. pulex clones ranging from 0.08 to 0.97 (one-way ANOVA, F 12, 39 ¼ 127.44, P , 0.001). The resistance index was significantly correlated with the slope (df ¼ 12, Pearson correlation coefficient ¼ 20.977, P , 0.001) and the mean (df ¼ 12, Pearson correlation coefficient ¼ 0.954, P , 0.001) of the fitness (intrinsic rate of population increase) reaction norms for D. pulex feeding on two diets (Fig. 2) . The mean values of four life-history traits (intrinsic rate of population increase, average life span, net reproductive rate and generation time) when feeding on the 'good' diet were highly correlated with those on the 'poor' diet (Fig. 3) . However, the correlation between the values of the age at first reproduction on the two food types was not significant (df ¼ 12, Pearson correlation coefficient ¼ 0.061, P ¼ 0.843). When D. pulex was fed two food diets, the correlation between the mean and the slope of the reaction norms was significant for the intrinsic rate of population increase (df ¼ 12, Pearson correlation coefficient ¼ 20.890, P , 0.001) and the age at first reproduction Previous studies have clearly demonstrated large clonal variation in daphniid resistance to toxic cyanobacteria among populations (Hietala et al., 1997; Repka, 1997; Schwarzenberger et al., 2012) . Our results further demonstrate the huge variation in resistance to toxic cyanobacteria within a D. pulex population. The least susceptible clone (clone HPJ2) was 12 times less susceptible than the most susceptible clone (clone HPJ12). However, genetic characterizations of each clone were not made using molecular analyses. It is possible that two or more clones defined by microscopy may originate from the same clone. This limitation may result in underestimating the extent of clonal variation. All D. pulex clones used in this study were incubated under the same temperature and food conditions for three generations, so it is reasonable to infer that the large variation in resistance observed had a genetic basis.
Hairston et al. (Hairston et al., 2001) found that the adaptation to toxic cyanobacteria in D. galeata was explained by the general increase in physiological performance in both 'good' and 'poor' food environments because the juvenile growth rates on 'poor' diet were highly correlated with those on 'good' diet. Similarly, most life-history traits of D. pulex feeding on the 'poor' diet were significantly correlated with those of individuals feeding on the 'good' diet (Fig. 3) . Further, the correlation between the resistance and the mean of fitness reaction norms was significantly positive (Fig. 2) . These two lines of evidence suggest that evolution of resistance to toxic cyanobacteria in D. pulex may result from an increase in fitness for both diets. Furthermore, the significantly negative correlation between resistance and the slope of fitness reaction norms (Fig. 2) clearly indicates that the reduced phenotypic plasticity (the decrease in reaction-norm slope) contributed to the resistance to toxic cyanobacteria. Two distinct types of changes in slopes or means of reaction norms need not be mutually exclusive. They may simultaneously enhance daphniid resistance to toxic cyanobacteria in nature.
Patterns of phenotypic plasticity differed markedly among five life-history traits when D. pulex fed on the two diets. These results indicate that phenotypic plasticity in relation to food type is specific to a trait, not a general property of a clone. The variation in phenotypic plasticity among traits within a species may be due to the different costs of plasticity. These costs constrain evolution of phenotypic plasticity (Agrawal, 2001) . In addition, the correlation between the mean value and the slope of reaction norm was significant for two traits (intrinsic rate of population increase and age at first reproduction), but not for other traits (average life span, net reproductive rate and generation time). The correlation coefficients in D. pulex are similar to previous values with a median value of 0.55 (Scheiner, 1993) . The results suggest that the plasticity and mean of a life-history trait in D. pulex can either respond to selection or potentially evolve independently.
Although variation in susceptibility to cyanobacteria has been documented across populations of Daphnia (Hietala et al., 1997; Repka, 1997; Schwarzenberger et al., 2012) , no studies have investigated this variation within a single population. Thirteen co-occurring clones of D. pulex isolated randomly from the same system varied greatly in their resistance to toxic cyanobacteria. The combination of the large variation in vulnerability to grazing within a single cyanobacterium (White et al., 2011) and the huge difference in resistance to toxic cyanobacteria within a single grazer provides strong evidence for potentially important complexities in cyanobacteria -grazer interactions. Such intraspecific variation among contemporaneous clones suggests a high potential for a coevolutionary arms race between cyanobacteria and grazers.
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